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Clustered regularly interspaced short palindromic repeats and
CRISPR-associated protein-9 (CRISPR-Cas9) can be used as an efﬁcient
tool for genome editing in potato (Solanum tuberosum). From both a sci-
entiﬁc and a regulatory perspective, it is beneﬁcial if integration of DNA in
the potato genome is avoided. We have implemented a DNA-free genome
editing method, using delivery of CRISPR-Cas9 ribonucleoproteins (RNPs) to
potato protoplasts, by targeting the gene encoding a granule bound starch
synthase (GBSS, EC 2.4.1.242). The RNP method was directly implemented
using previously developed protoplast isolation, transfection and regeneration
protocols without further adjustments. Cas9 protein was preassembled with
RNA produced either synthetically or by in vitro transcription. RNP with
synthetically produced RNA (cr-RNP) induced mutations, i.e. indels, at a
frequency of up to 9%, with all mutated lines being transgene-free. A mutage-
nesis frequency of 25% of all regenerated shoots was found when using RNP
with in vitro transcriptionally produced RNA (IVT–RNP). However, more than
80% of the shoots with conﬁrmed mutations had unintended inserts in the cut
site, which was in the same range as when using DNA delivery. The inserts
originated both from DNA template remnants from the in vitro transcription,
and from chromosomal potato DNA. In 2–3% of the regenerated shoots from
the RNP-experiments, mutations were induced in all four alleles resulting in
a complete knockout of the GBSS enzyme function.
Introduction
Precision genome editing, through clustered regularly
interspaced short palindromic repeats and CRISPR-
associated protein-9 (CRISPR-Cas9), is performed by
directing a guide RNA complementary to a deﬁned target
region, together with a CRISPR-associated endonucle-
ase, Cas9, for double-strandedDNA cleavage (Jinek et al.
Abbreviations – CRISPR-Cas9, clustered regularly interspaced short palindromic repeats and CRISPR-associated protein-9;
GBSS, granule bound starch synthase; HRFA, high-resolution fragment analysis; Indels, inserts and/or deletions; NHEJ,
non-homologous end joining; PAM, protospacer adjacent motif; RNP, ribonucleoprotein; TALEN, transcription activator-like
effector nuclease; WGS, whole genome sequencing.
2012). For plant research and breeding, CRISPR-Cas9
is still a very recent method: optimization to increase
efﬁciency and speciﬁcity of the method is receiving
a lot of attention from different research groups in
the ﬁeld. Double-strand DNA breaks can result in
unintended DNA insertions from plasmid DNA or
from the plant genome occurring at a high frequency
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(Gorbunova and Levy 1997). Avoidance of unintended
DNA insertions is one important objective for the opti-
mization of the method, especially if the CRISPR-Cas9
tools are used in commercial crop breeding. Genome
edited plants, with mutations in the form of small
inserts or deletions (indels) are indistinguishable from
plants containing naturally or conventionally induced
mutations; it has therefore been argued that they do
not differ from classically bred crops in terms of health
and environmental issues (Hartung and Schiemann
2014). Studies have shown that delivering CRISPR-Cas9
as ribonucleoproteins (RNPs) into cells is a promising
alternative to using DNA, with the added potential of
generating transgene-free targeted genome edits efﬁ-
ciently (Cho et al. 2013, Kim et al. 2014, Woo et al.
2015, Liang et al. 2017). RNPs have been described
as being more speciﬁc and to act more rapidly since
the complex can act immediately without the need of
intracellular transcription and translation; a clear reduc-
tion in off-target mutations has also been demonstrated
(Cho et al. 2013, Svitashev et al. 2016, Liang et al.
2017).
Cultivated potato (Solanum tuberosum) is a tetraploid
and largely heterozygous crop, and its tetrasomic inheri-
tance makes potato research and breeding through tradi-
tional crossbreeding a challenge (Muthoni et al. 2015).
By speciﬁc applications of genome editing, one or a
few traits can be added to a commercial variety, hence
crossbreeding can be avoided. In recent years, genome
editing through either TALEN or CRISPR-Cas9 has been
used to study and develop commercially important
traits in potato; traits which would otherwise be difﬁ-
cult to include through traditional breeding technolo-
gies (Sawai et al. 2014, Clasen et al. 2016, Andersson
et al. 2017). However, when using DNA transfection of
protoplasts, unintended inserts have been detected that
originated from the plasmid DNA used (Clasen et al.
2016, Andersson et al. 2017). In the present study, there-
fore, CRISPR-Cas9 was further developed as a potato
breeding method by implementing RNP delivery in pro-
toplasts to decrease or eliminate the presence of unin-
tended inserts in progeny. The successful development
of the well-studied trait amylopectin starch was used as
a marker for the functionality of the RNP technology
(Kuipers et al. 1991, Kuipers et al. 1994, Andersson et al.
2003). A native starch is a mixture of amylopectin and
amylose. Amylopectin starch potatoes were developed
by eliminating the amylose formation by knocking out
the sole enzyme responsible for synthesis of amylose,
a granule bound starch synthase (GBSS). The high fre-
quency of GBSS knockout genotypes produced in this
study shows the potential of CRISPR-Cas9 RNP technol-
ogy as a future potato breeding method.
Material and methods
Protoplast isolation, transfection and regeneration
Protoplasts were isolated from S. tuberosum cultivar
Kuras. In vitro propagation, protoplast isolation, trans-
fection and regeneration were performed as described
in Andersson et al. (2017). For each single experiment,
100 000 protoplasts were incubated with either 25%w/v
PEG 4000 (Duchefa, Haarlem, The Netherlands) and
DNA or RNP for 3min, or with 40% w/v PEG and RNP
for 30min.
Exon 9 in the GBSS gene (Fig. 1A) was targeted for
induced mutation at a previously deﬁned region named
GT4 (Andersson et al. 2017). Protoplasts were trans-
fected with preassembled gRNA saturated RNP or with
plasmid DNA. Two different RNP combinations were
used, an Alt-R® CRISPR-Cas9 system (IDT, Coralville,
IA) and a GeneArt™ system (Thermo Fisher Scientiﬁc,
Waltham, MA). For the Alt-R® CRISPR-Cas9 system,
GT4-crRNA was synthetically produced and preassem-
bled with Alt-R® CRISPR-Cas9 tracrRNA and Alt-R®
S.p.Cas9 Nuclease 3NLS (cr-RNP). For the GeneArt™
system, GT4-RNA was produced through in vitro tran-
scription and DNaseI treatment following GeneJET™
RNA puriﬁcation using a Precision gRNA Synthesis Kit
according to the suppliers’ instruction and preassembled
with GeneArt™ Platinum™ Cas9 Nuclease (IVT–RNP).
The RNA concentration from the in vitro transcription,
as well as the RNA:DNA ratio, were quantiﬁed using
Trinean DropSense™ 16 (Tectum, Nacka, Sweden). For
the cr-RNP experiments, 2.0 nmol of GT4-crRNA and
2.0 nmol of tracrRNA together with 0.03 nmol (5 μg) of
Cas9 protein was transfected to the protoplasts. For the
IVT–RNP experiments, 0.13 nmol of the in vitro tran-
scribed GT4-RNA together with 0.03 nmol (5 μg) of Cas9
Nuclease was used for transfection. As a comparator,
5 μg plasmid DNA, harbouring both the Cas9 and sgRNA
(pE-GT4) described previously (Andersson et al. 2017),
was used for transfection. Care was taken to only recover
one shoot from each callus to avoid studying clones.
Mutation identiﬁcation and characterisation
Leaf tissue from regenerated shoots was analysed using
high-resolution fragment analysis (HRFA) as previously
described (Andersson et al. 2017). A PCR fragment
of 145 bp spanning the GT4 target site was ampliﬁed
using primers StGBSS(GT4)f-FAM and StGBSS(GT4)r
(Andersson et al. 2017) and analysed on a 3500 Genetic
analyser (Thermo Fisher Scientiﬁc, Waltham, MA). Indels
were detected to a resolution of 1 bp, and inserts up
to approximately 500 bp were detected in the same
analysis. As a size marker, GeneScan 600LIZ was
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Fig. 1. Targeted mutagenesis in potato using RNP CRISPR-Cas9. (A) Tar-
get region GT4 in GBSS exon 9 shown in red, PAM sequence shown in
purple. (B) Frequency (%) of lines with at least one mutated allele, on
the total number of regenerated shoots from each experiment, detected
using HRFA. RNP including synthetically produced RNA (cr-RNA), RNP
including in vitro transcribed RNA (IVT–RNP) and plasmid (DNA) trans-
fected to potato protoplast using 25 or 40% PEG. n=4–420.
used (Thermo Fisher Scientiﬁc). Primers StGBSS(GT4)f
and StGBSS(GT4)r were used for amplifying the same
region spanning the GT4 target followed by cloning
and Sanger sequencing (GATC Biotech, Konstanz, Ger-
many) as described previously (Andersson et al. 2017).
Inserts of Cas9 coding region in shoots regenerated
from the pE-GT4 DNA experiment were detected by
multiplexing the HRFA analysis with PCR ampliﬁca-
tion of a 454 bp fragment using primers Cas9_2f-Hex:
GCTGGAGAGCTTCAGAAGGGA and Cas9_2r: CTC-
CTCCAAGCTGAGAAAGATCG, where the 5’ end of the
forward primer was labelled with the ﬂuorescent dye
Hex (Sigma-Aldrich, St. Louis, MO). The frequencies
were calculated based on all regenerated shoots from
each experimental setup.
Microtuber propagation and starch quality
determination
Potato lines with mutations in all four alleles were
selected and cultivated to produce microtubers. (Ander-
sson et al. 2003). Starch from developed microtubers
was analysed and high amylopectin quality conﬁrmed by
iodine staining and light microscopy (Leica microsystem
DM LB, Wetzlar, Germany).
Results
Induced mutations through RNP delivery in potato
protoplasts
A region in exon 9 of the gene encoding GBSS, named
GT4 (Fig. 1A), was targeted to induce mutations using
delivery of CRISPR-Cas9 components in the form of
pre-assembled RNP to isolated potato protoplasts. The
potential of inducing mutations in potato through RNP
was studied using both 25 and 40% PEG-mediated
protoplast transfection. Plasmid DNA encoding the
CRISPR-Cas9 editing components, as a comparator, was
delivered using 25% PEG-mediated protoplast trans-
fection. Cas9 protein was pre-assembled with either
synthetically produced crRNA and tracrRNA, cr-RNP,
or in vitro transcribed RNA, IVT–RNP. Mutations were
detected using HRFA-analysis (Fig. 2A) and the muta-
genesis frequency was calculated based on the total
number of regenerated shoots from callus formed by
transfected protoplasts (Figs 1B and 2B). Mutated shoots
were further studied using PCR, cloning and sequencing
to conﬁrm results obtained from HRFA analysis (Fig. 2C).
The frequency of lines with at least one mutated allele,
was 9% based on 33 regenerated shoots in the cr-RNP
study using the 40% PEG experimental conditions,
while only 1% of 420 regenerated shoots was found to
be mutated when using 25% PEG. Even though PEG
can be toxic to cells in high concentrations, the diver-
gently high regeneration seen in the latter experiment
is more likely explained by an incomplete transfection
and hence the reason for the low frequency of muta-
tions found. For the cr-RNP experiments, no inserts
were detected in any of the regenerated shoots studied.
With IVT–RNP, the frequencies of shoots with at least
one allele mutated were similar, independent of the
experimental conditions used, resulting in 25 and 22%
of 4 and 32 regenerated shoots, respectively (Fig. 1B).
The mutagenesis frequency using DNA delivery was
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Fig. 2. Legend on next column.
16% of 55 regenerated shoots using the 25% PEG
experimental conditions (Fig. 1B). The mutated lines
(86–100%) from the IVT–RNP experiment were found
to have inserts in the cut site based on HRFA analysis,
while when using DNA delivery, inserts were conﬁrmed
based on Cas9 transgene integration to a frequency of
67% of all mutated lines (Fig. 1B). The origin of inserts
was analysed by PCR ampliﬁcation covering the GT4
cut site, followed by sequencing. From the IVT–RNP
studies, inserts of both the gRNA DNA template, as
well as chromosomal DNA from random parts of the
genome, were detected in the studied lines; while in the
DNA delivery study, plasmid DNA was the origin of the
inserts. Despite DNAseI treatment and RNA puriﬁcation,
the in vitro transcribed RNA was found to contain DNA
contamination. The amount of DNA in the sample was
somewhat difﬁcult to quantify, and the DNA:RNA ratio
varied from 1:7 (in 390 ng/μl RNA) to 1:37 (in 28 ng/μl
RNA) depending on dilution factor.
Development of transgene-free knockouts
Two lines with mutations in all four alleles and with no
unintended DNA inserts detected were developed, one
from the cr-RNP experiment and one from the IVT–RNP
experiment. These yielded a knockout frequency of 2%
for the cr-RNP and 3% for the IVT–RNP experiments,
based on total number of regenerated shoots when using
the 40% PEG experimental condition (Fig. 2B). Lines
withmutations in all four alleles were also detectedwhen
using IVT–RNP and DNA with 25% PEG experimen-
tal conditions to a frequency of 25 and 3%, with all
lines conﬁrmed as containing unintended DNA inserts
(Fig. 2B). Lines with mutations in all four alleles, con-
ﬁrmed by HRFA analysis (Fig. 2A) as well as Sanger
sequencing (Fig. 2C), were cultivated in vitro to pro-
duce microtubers. Starch granules from the microtu-
bers were subjected to iodine-based staining and light
microscopy to analyse starch quality. Absence of amy-
lose was evident from the red–brown stained starch from
the knockout lines while starch from the wild type was
stained blue (Fig. 2D).
Fig. 2. Development of knockout lines. (A) HRFA analysis of knockout
line (top) and wild type (WT, bottom). (B) Frequency (%) of four-allele
mutated lines, on the total number of regenerated shoots from each
experiment, detected using HRFA and Sanger sequencing. RNP including
synthetically produced RNA (cr-RNA), RNP including in vitro transcribed
RNA (IVT–RNP) and plasmid (DNA) transfected to potato protoplast using
25 or 40% PEG. n=4–420. (C) Genotyping of all four alleles in a
knockout line. PAM sequence shown in red in WT sequence (bottom).
(D) Phenotyping of starch by iodine staining and light microscopy of
knockout line yielding amylopectin starch quality (left) and WT (right).
Scale bar 100 μm.
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Discussion
Whether or not genome edited plants should fall under
the legislation of genetically modiﬁed organisms (GMO)
as regulated plant events has been a point of discus-
sion in the EU for many years (Hartung and Schiemann
2014, Jones 2015). The lack of a clear decision from
the European Union on this issue has resulted in some
member states making a temporary decision based on
their own interpretation of the existing GMO legislation.
For example, in 2015, the Swedish Board of Agriculture
gave clearance for Swedish researchers to grow genome
edited transgene-free Arabidopsis thaliana plants in a
ﬁeld trial without the need of a speciﬁc GMO-permit
(Eriksson et al. 2017). Transgene-free genome edited
plants can be produced using CRISPR-Cas9 or simi-
lar techniques by either developing a transgenic plant
followed by outcrossing of the integrated DNA, or by
using a transient system as for example protoplast trans-
fection or microprojectile bombardment. For potato, a
system yielding no foreign DNA integration would be
the preferred method, in order to avoid crossbreed-
ing of this highly heterozygous tetraploid crop, which
could then result in inbreeding depression (Xu et al.
2011).
In a previous study by Andersson et al. (2017),
CRISPR-Cas9 was implemented as a potato breeding
method in which the delivery of the mutagenizing
components was in the form of plasmid DNA to proto-
plasts. That study resulted in a mutagenesis frequency
of up to 12%, with 10% of the lines having unintended
plasmid DNA integrated in the cut site of target regions.
It should be noted that the analysis method used in
that study could only detect inserts of up to approxi-
mately 500 bp, hence the presence of larger inserts of
the 9000bp vector was not investigated. In this study,
the mutagenesis frequency was 16% when using DNA
delivery (Fig. 1B). However, two thirds of the mutated
lines were found to have unintended insertions con-
ﬁrmed by a Cas9 fragment integration, and the ﬁgure
could be even higher since the full vector was not
covered in the analysis. This high percentage of inserts
are in line with what has previously been published for
double strand breaks in potato, by using TALEN and
DNA transfection of protoplasts, where approximately
60% of the regenerated lines having DNA integration
was presented (Clasen et al. 2016). A similarly high
frequency of DNA integration has also been observed
in other crops: for example, in wheat, where mutants
were developed by bombardment of immature embryos
and seedlings developed in the absence of selection,
resulting in a 40–60% frequency of DNA inserts (Zhang
et al. 2016).
To eliminate the possibility of unintended DNA
inserts, the use of pre-assembled CRISPR-Cas9 RNP
for protoplast transfection was implemented in this
study, by targeting the GBSS gene (Fig. 1A). Two types
of RNPs were studied: cr-RNP, where the guide RNA
was synthetically produced and IVT–RNP, where the
guide RNA was produced through in vitro transcription.
The mutagenesis frequency when using cr-RNP under
40% PEG-mediated transfection conditions was as high
as 9%, with all regenerated lines being transgene-free
(Fig. 1B). This frequency is comparable to what has
been reported using RNP in maize, with a mutagenesis
frequency of 2–10% (Svitashev et al. 2016), and wheat,
yielding a mutagenesis frequency of 2–4% (Liang et al.
2017) based on regenerated shoots.
By using IVT, the insert integration frequency was sim-
ilar to that when using DNA (Fig. 1B). Studying the ori-
gin of the inserts revealed that the majority came from
remnants of DNA template for the in vitro transcrip-
tion. Furthermore, the majority of the DNA was inserted
without additional indels of the endogenous DNA con-
nected to the cut site. Thus, it could be assumed that
the insertions contributed to the higher frequency of
mutagenesis observed for IVT–RNP. Quantifying DNA
contamination in the RNA sample was difﬁcult, most
probably due to interference from the high RNA concen-
tration during measurements. In an effort to make the
IVT–RNP completely DNA-free, we varied the amount
of DNA template as well as the amount and time avail-
able for DNAse treatment. Even though the DNA:RNA
ratio was improved, it was in our hands still not possi-
ble to produce clean RNA samples (results not shown).
In addition to the template DNA inserts, a few inserts
were found to be genomic DNA of random parts of the
potato genome. The detection limit of the HRFA analysis
excludes large size inserts, while covering DNA template
inserts and genomic rearrangements of up to 500 bp. The
high frequency of DNA inserts in this IVT–RNP study
is noteworthy, since the DNA contamination is prob-
ably rather low. However, the origin of the inserts is
expectedly from double strand break repairs, since plas-
mid DNA and insertions of chromosomal DNA were
detected in early studies (Gorbunova and Levy 1997).
In the same study, DNA was also found inserted as
reshufﬂed multiple regions of the plasmid. In the study
by Andersson et al. (2017), sequence analysis of small
fragments inserted at Cas9 cut sites were found to be
random parts of plasmid DNA greatly varying in size.
The unpredicted insert structure that could arise from
large plasmids can make detection problematic when
applying commonly used techniques such as PCR or
Southern blotting in covering the full possibilities of
inserts. Whole genome sequencings (WGS) is probably
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the most efﬁcient way to ensure that no integration
of foreign DNA has occurred; however, this requires
computational work and access to good bioinformatics
tools.
The lower mutagenesis frequency found using cr-RNP,
compared to the experiments yielding unintended inserts
(both by using IVT–RNP and DNA) could indicate a high
percentage of precise end joining after Cas9 cutting. This
notion is further strengthened by the observation that
the unintended DNA inserts usually had no additional
indels associated with the cut site. A strong preference
for precise ligation in cells repaired by non-homologous
end joining (NHEJ) after dual Cas9 cuttings has previ-
ously been described, and ﬁgures of up to approximately
70% perfect ligations have been presented (Nelson et al.
2016).
From both the cr-RNP and the IVT–RNP experi-
ments, knockout plants without any DNA integration
were found (Fig. 2B). Hence, lines of potential com-
mercial importance (here deﬁned as having an intro-
duced trait without DNA integration) were obtained
from both RNP experiments. The amylopectin trait was
conﬁrmed in the knockouts by staining starch from
microtubers with Iodine (Fig. 2D). Amylopectin starch
granules stains red–brown, while starch granules con-
taining only low levels of GBSS activity and small
amounts of amylose stains blue (Visser et al. 1991). The
knockout success rate of 2–3% in a tetraploid crop
would probably be adequate for a commercial breed-
ing programme. However, it should be remembered
that somaclonal variation sometimes does occur when
shoots are regenerated from protoplasts (Shepard et al.
1980, Larkin and Scowcroft 1981) and several knock-
out lines will therefore be needed to select a line of
commercial quality. Further development of the method
with the aim of yielding an even higher ratio of knock-
outs would therefore be welcome. The RNP complexes
were here preassembled using a high gRNA:Cas9 excess
molar ratio, which could be further optimised in future
studies.
To summarise, in the present study, we have shown
that RNP-delivery of CRISPR-Cas9 tools as a potato
breeding method has good potential in yielding commer-
cial lines without unintended DNA integration. At the
same time, the importance of using a pure RNA sam-
ple in the RNP complex became obvious. Here, the RNP
method could be directly implemented using a previ-
ously developed protoplast isolation, transfection and
regeneration method, without any further modiﬁcations.
We therefore propose RNP to be used instead of DNA,
since it yields a high frequency of transgene-free mutated
lines, so signiﬁcantly simplifying analysis and selection
of lines.
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